all analyses were performed using Stata 13.1 (Stata corporation, college Station, tX).
Original article
Background: environmental tobacco smoke has an adverse association with preterm birth and birth weight. england introduced a new law to make virtually all enclosed public places and workplaces smoke free on July 1, 2007. We investigated the effect of smoke-free legislation on birth outcomes in england using Hospital episode Statistics (HeS) maternity data. Methods: We used regression discontinuity, a quasi-experimental study design, which can facilitate valid causal inference, to analyze short-term effects of smoke-free legislation on birth weight, low birth weight, gestational age, preterm birth, and small for gestational age. Results: We analyzed 1,800,906 pregnancies resulting in singleton live-births in england between 1 January 2005 and 31 December 2009. in the 1 to 5 months following the introduction of the smokefree legislation, for those entering their third trimester, the risk of low birth weight decreased by between 8% (95% confidence interval [ci]: 4%, 12%) and 14% (95% ci: 5%, 23%), very low birth weight between 28% (95% ci: 19%, 36%) and 32% (95% ci: 21%, 41%), preterm birth between 4% (95% ci: 1%, 8%) and 9% (95% ci: 2%, 16%), and small for gestational age between 5% (95% ci: 2%, 8%) and 9% (95% ci: 2%, 15%). the estimated impact of the smoke-free legislation varied by maternal age, deprivation, ethnicity, and region. Conclusions: the introduction of smoke-free legislation in england had an immediate estimated beneficial impact on birth outcomes overall, although we did not observe improvements across all age, ethnic, or deprivation groups.
See video abstract at http://links.lww.com/eDe/B85. (Epidemiology 2016; 27: 810-818) E ngland introduced comprehensive smoke-free legislation on July 1, 2007, which prohibited smoking in all workplaces and enclosed public spaces. numerous studies have documented the apparent beneficial effects of the smoke-free legislation on a variety of health outcomes. 1, 2 to date, a limited number of studies worldwide have reported on the impacts of smoke-free legislation on adverse birth outcomes, including low birth weight (lBW), preterm delivery, and/or small for gestational age (Sga). [3] [4] [5] [6] [7] [8] [9] [10] [11] Smoking is considered the single most important modifiable determinant of adverse birth outcomes. the birth weight of babies born to smokers is on average 150-250 g lower than those of nonsmokers. 7, 12 Maternal smoking is associated with a two-fold increased risk of intrauterine growth restriction and lBW. 7 a dose-response relationship is observed, with larger reductions in birth weight in heavy smokers and those who smoke during the last trimester (the period of peak fetal growth), 13 but even the lowest levels of maternal smoking have been shown to be associated with lBW. 12 exposure to secondhand smoke has also been shown to be adversely associated with fetal growth and subsequent infant morbidity and mortality. 14 lBW, preterm delivery, and Sga are important risk factors for neonatal morbidity and mortality 10 and have important implications for future infant health [15] [16] [17] and on chronic conditions across the life course. 13, 17 Making causal inference about the impact of large-scale interventions, such as smoke-free legislation, based on interrupted time series models is limited given that extraneous factors may affect outcomes of interest and our inability to adjust for unmeasured confounding. regression discontinuity, a novel quasi-experimental study design, can help overcome these issues and produce valid causal inferences, although this approach has to date found little application in epidemiology. [18] [19] [20] [21] the aim of this study was to measure the impact of the smoke-free legislation in england, introduced on July 1, 2007, on birth weight, gestational age, and Sga in england with the use of a novel regression discontinuity design.
METHODS

Data
Data on pregnancies and birth outcomes for singleton live-births delivered at 24-44 weeks gestation between January 1, 2005, and December 31, 2009, in england were obtained from the Hospital episodes Statistics (HeS) maternity database, held by the UK Small area Health Statistics Unit (SaHSU). this is an administrative database widely used for epidemiologic and health services research and covers all births delivered in national Health Service (nHS) hospitals in england, capturing 87% of live-births during our study period (when compared with legally notified birth registrations from the Office for national Statistics [OnS]). 22 after removing duplicates, we excluded records with birth weight <200 g, >5,000 g or unknown, with a gestational age of <24 or >44 weeks, 5,9 sex unknown and intersex infants, or with maternal age <15 or >44 years, in keeping with other studies. 23 Data quality checks identified anomalies in records provided by one primary care trust (1 out of 152 primary care trusts) and these records (n = 11,439) were also excluded (eFigure 1; http://links.lww.com/eDe/B81).
Birth Outcome Variables
Our primary outcomes were birth weight, lBW (<2,500 g) and very lBW (VlBW; <1,500 g), 24 gestational age, preterm birth (gestational age at birth of less than 37 weeks), 24 and Sga (birth weight at delivery below the 10th centile for gestation (by sex), 25 using centiles derived from all eligible births).
length of gestation was determined as the completed weeks of gestation according to the World Health Organization definition, which specifies time from the first day of the last menstrual period. if date of the last menstrual period is not available/reliable, an estimate is provided in the HeS maternity database. We defined trimester 1 as weeks 0-13 and trimester 3 from week 27 to birth, calculated by counting back from gestational age at birth.
Effect Modifiers
the following variables were obtained from the HeS database: Maternal age (categorized into five groups: <20; 20-25; 26-29; 30-35; >35 years, based on previous studies) 5 ; infant sex; ethnicity of the mother (White, Black, South asian, other).
the following variables were linked to each delivery via maternal postcode of residence at delivery: government Office region (gOr2001); index of Multiple Deprivation (iMD) 2007, with iMD scores categorized into fifths (<8.3; ≥8.3 to <13.74; ≥13.74 to <21.22; ≥21.22 to <34.42; ≥34.42), based on lower layer super output area quintiles across england. the iMD 2007 is a composite measure that provides a relative measure of deprivation at small area level across england and is based on seven domains of deprivation (income, employment, health and disability, education and skills, barriers to housing and services, crime, and living environment). 26 Ethics the study uses SaHSU data, supplied from the Office for national Statistics; data use was covered by approval from the national research ethics Service-reference 12/lO/0566 and 12/lO/0567-and by Health research authority confidentially advisory group (Hra-cag) for Section 251 support (Hra-14/cag/1039); superseding national information governance Board and ethics and confidentiality committee approval (nigB-ecc 2-06(a)/2009).
Statistical Analysis
regression discontinuity 27, 28 is a quasi-experimental study design that exploits a threshold rule data-generating process and creates comparable populations with different exposure statuses just above and below a threshold (here the introduction of smokefree legislation, on the July 1, 2007) also known as the "cutoff " date. in the regression discontinuity design, the exposure of interest is assigned by the value of a continuously measured random variable above (or below) some threshold value (here, date at entering the third trimester, relative to the cutoff date) and the threshold behaves like a randomizing device. this design does not measure the intervention effect as the difference in the averages of the outcome before and after the intervention for the whole time period of the study as in interrupted time series models, but measures the change, or discontinuity, in the effect before versus after the intervention close to the cutoff point defined by the threshold value. the key feature of regression discontinuity design is the focus on comparing outcomes in a "short" time interval before the intervention with a "short" time interval after the intervention. Using these short time windows, we can assume that no unobserved factors confound the relationship between the exposure and the outcome in that short time interval.
there are two types of regression discontinuity design; a sharp regression discontinuity design, applied when the probability of intervention assignment changes discontinuously at the cutoff date deterministically (from 0 to 1), and a fuzzy regression discontinuity design, when the probability of intervention changes around the cutoff date stochastically. We can reasonably assume that after the implementation of the smoke-free legislation all women received the intervention, because of high compliance (99%) with the policy in workplaces and restaurants by July 1, 2007, but it is likely that some of the women received the intervention before the cutoff. 29 For example, anticipatory effects such as quitting behavior have been documented which could have resulted in a reduction of active and passive smoking in the study population before policy implementation. 9 Because individual-level exposure to the benefits of the smoke-free legislation could not be taken into account, we used a fuzzy regression discontinuity design to represent the intention-totreat analysis of a fuzzy regression discontinuity scenario. in addition, we omitted 1 month centered on the cutoff date of July 1, 2007 (i.e., women entering their third trimester from June 15, 2007, to July 15, 2007, were excluded as they could belong either to the intervention or the control group).
all the conditions for a valid regression discontinuity analysis were met: 19 (1) the decision rule (exposed or not exposed to the intervention) and cutoff value (July 1, 2007) are known; (2) the assignment variable (date of entering third trimester, measured in days) is continuous near the cutoff value and is not affected by the policy (eFigure 2; http:// links.lww.com/eDe/B81); (3) Our outcomes are observed for all pregnancies and are continuous at the threshold, independent of whether mothers were exposed or not exposed to the smoke-free legislation intervention; (4) groups on either side of the cutoff are comparable with respect to pretreatment covariates; observed factors (e.g., maternal age) are not discontinuous at the cutoff (eFigure 3; http://links.lww.com/eDe/B81); (5) Visual confirmation of an intervention effect; graphical analysis (eFigures 4-9; http://links.lww.com/eDe/ B81) confirms the discontinuity, i.e., a visible jump at the cutoff value, indicating an intervention effect. these scatterplots suggest that a fuzzy regression discontinuity design is more appropriate.
For analytical purposes, we divided the sample into five cohort periods (2005, 2006, 2007, 2008, 2009 ) centered around the cutoff. the parameter of interest is the effect of policy on the birth outcome variable in the different time windows before versus after July 1, 2007, relative to that observed before versus after July 1 in previous and subsequent years; these previous and subsequent cohorts in the model (years 2005, 2006, 2008, 2009 ) act as control periods to account for any existing temporal trends that occur every year around the cutoff date. this approach is strengthened by borrowing elements from a difference-in-differences approach and is similar to a difference-in-discontinuities study design because it rests on the intuition of combining a regression discontinuity design with a difference-in-differences strategy. 30 We estimated the policy effect on the outcome variable before versus after the cutoff using time windows of 1, 2, 3, and 5 months (shown schematically in eFigure 10; http://links.lww. com/eDe/B81). the wider the time window, the more likely we are to capture the effects of smoke-free legislation on birth outcomes with greater statistical certainty due to larger numbers, but the more likely spurious variation due to potential temporal trends and unmeasured confounders will be introduced. in contrast to an interrupted time series model, the regression discontinuity approach, by studying the before versus after effect in shorter discrete time windows (e.g., of 1 to 5 months) around the cutoff date, allows us to exclude other interventions or known major influences on trends in birth outcomes occurring over the 5-year study period, and make the assumption that the only change is in relation to the intervention. a more detailed description of the fuzzy regression discontinuity model is provided in the eappendix 1 (http://links.lww.com/eDe/B81.) the fuzzy regression discontinuity assumes comparability between the intervention and the control group, 31 meaning there is no need to adjust for potential confounders. nonetheless, there may be heterogeneity in effect across important determinants of birth outcomes particularly due to maternal age, deprivation, and ethnicity and consequently subgroup analyses were performed and appropriate interaction terms were included in the models (interactions were considered statistically significant if P value <0.05). We performed a stratified analysis of the effect of smoke-free legislation on adverse birth outcomes across government Office regions, and explored heterogeneity using the I 2 test (heterogeneity was considered statistically significant if P value <0.05).
Sensitivity Analyses
to assess the robustness of our results, we performed a series of sensitivity analyses.
(1) to check whether there was an immediate effect of smoke-free legislation on birth outcomes, we re-ran our analysis centered on the policy implementation (i.e., did not exclude 1 month centered on July 1, 2007). (2) to check whether there was an extensive delayed effect of smoke-free legislation on birth outcomes, we re-ran our analysis omitting 2 months (from June 1 to July 31), centered on the policy implementation. (3) We applied different cutoff dates, January 1, 2007, and april 1, 2007 , to capture potential anticipatory effects on smoking behaviors before the ban. Mackay et al. 9 provided evidence of anticipatory effects 4 months before the legislation came into force in Scotland. (4) We assessed the impact of the smoke-free legislation on birth outcomes by assigning women to the intervention and control groups when they entered their first, rather than third, trimester to assess if secondhand smoke exposure was also important in the first trimester of pregnancy. (5) We also included an interaction term between the polynomial function of month and the different time windows to reduce the influence of time points further from the threshold and enable a consistent estimation of the conditional expectation function at the threshold.
Gestational Age/Preterm Delivery/Small for Gestational Age
Fuzzy regression discontinuity analyses estimated a protective effect of smoke-free legislation on the risk of preterm birth ranging from Or: 0.91 (95% ci: 0.84, 0.98) to 0.96 (95% ci: 0.92, 0.99) and Sga ranging from Or: 0.91 (95% ci: 0.85, 0.98) to 0.95 (95% ci: 0.92, 0.98) across the different time windows following policy implementation. there was no change in gestational age following the smoke-free legislation (table 2).
Influence of Maternal Age, Deprivation, Ethnicity, and Region
the apparent impact of the smoke-free legislation varied by maternal age, ethnicity, and deprivation. reductions in risk of lBW and Sga were observed in the 20-25 years age group moving from the 1-to 5-month windows following policy implementation for lBW (ranging from Or: 0.83 [95% ci: 0.66, 1.02] to 0.92 [95% ci: 0.84, 0.99]); and for Sga (ranging from Or: 0.76 [95% ci: 0.65, 0.88] to 0.91 [95% ci: 0.85, 0.97]) and in the 30-35 years age group for lBW (ranging from Or: 0.83 [95% ci: 0.62, 1.02] to 0.89 [95% ci: 0.84, 0.98]; Figure 1 ). in addition, we observed interaction between smoke-free legislation and maternal age for lBW across all four time windows.
there was evidence of interaction between smoke-free legislation and ethnicity for lBW across the four time windows. there were no reductions in risk of any birth outcome across all four time windows in those of Black or South asian ethnicity, but we observed reductions in risk of lBW for those of White ethnicity (ranging from Or 0.84 [95% ci: 0.73, 0.97] to 0.94 [95% ci: 0.89, 0.99] across the four time windows; Figure 2 ).
there was also variability in risk by deprivation. reductions in risk were observed across the four time windows for VlBW in quintile 2 (ranging from Or 0.37 [95% ci: 0.15, 0.88] to 0.65 [95% ci: 0.46, 0.81]) and for lBW for quintile 4 (ranging from Or 0.74 [95% ci: 0.59, 0.92] to 0.88 [95% Mean difference, Ors and 95% cis were estimated with the use of fuzzy regression discontinuity design for women entering their third trimester around the cutoff date of July 1, 2007. Sources: Hospital episode Statistics maternity data on pregnancies. all regression discontinuity models are adjusted for maternal age, cohort (2005, 2006, 2007, 2008, 2009 ), an interaction term of maternal age and cohort and an age-specific function of month within the cohort. ci: 0.80, 0.96]; Figure 3 ). Only VlBW showed consistent evidence of interaction between smoke-free legislation and deprivation.
there was evidence of heterogeneity in the association between smoke-free legislation and Sga by government Office region. compared with the country as a whole, more pronounced effects of the legislation were seen across the four time windows in east Midlands for lBW (ranging from Or 0.85 [95% ci: 0.63, 0.98] to 0.79 [95% ci: 0.67, 0.93]); in Yorkshire and Humber for lBW (ranging from Or 0.64 [95% ci: 0.43, 0.95] to 0.89 [95% ci: 0.76, 0.99]) and for Sga (ranging from Or 0.78 [95% ci: 0.60, 0.99] to 0.96 [95% ci: 0.85, 0.98]; eFigures 11-14; http://links.lww.com/ eDe/B81).
We observed no interactions between smoke-free legislation and region for any of the birth outcomes across the four time windows.
Sensitivity Analyses
With respect to the sensitivity analyses, we observed similar associations (in terms of direction and magnitude of effect) when (1) We omitted no month (etable 1; http://links.lww.com/ eDe/B81) or (2) two months rather than one (etable 2; http://links.lww. com/eDe/B81) either side July 1, 2007. (3) there was no evidence of an anticipatory effect when we considered april 1 or January 1, 2007, as the cutoff dates (data not shown). (4) When women were assigned to the intervention group on the basis of entering their first, rather than third trimester, there was no evidence of a consistent protective effect of the smoke-free legislation on adverse birth outcomes (data not shown). 
DISCUSSION
this is to our knowledge the first study evaluating the short-term impact of the smoke-free legislation implemented on July 1, 2007, in england on potentially preventable adverse birth outcomes (lBW, preterm delivery, and Sga) using a novel approach, regression discontinuity study design, that takes account of temporal and unmeasured trends and produces valid causal inference. Study findings indicated an increase in birth weight, and a reduction in the risk of lBW, VlBW, preterm birth, and Sga in the months following implementation of the legislation, with a more pronounced estimated effect in white ethnic groups and variability by maternal age group and deprivation.
Here we report on a natural experiment. assignment to the intervention group in the regression discontinuity design is not random, although individuals are assigned to the intervention group on the basis of a continuously measured cutoff score (date at entering their third trimester), which the individuals cannot precisely manipulate. assignment is therefore assumed to be quasirandom for observations close to the cutoff, allowing valid causal effects to be identified. 18 the regression discontinuity study design employed here can be a powerful method to aid causal inference in circumstances in which there is a known time point where a population is affected by a policy or intervention. Previous literature employed standard interrupted time series models to evaluate the effect of smokefree legislation on adverse birth outcomes. 5, 8, 9 these standard interrupted time series models could potentially lead to biased estimates due to unmeasured confounding, lack of appropriate control groups, ecologic bias, and underlying temporal trends in birth outcomes over the study period.
compared with the previous literature, our regression discontinuity model for a 2-month interval detected similar estimated effect sizes to a recent meta-analysis of the effect of smoke-free legislation for preterm birth (9% vs. 10%) 11 and a recent retrospective cohort study for lBW (13% vs. 10%) and Sga (6% vs. 5% reduction in risk post legislation). 9 We estimated a more pronounced effect for very lBW (29% vs. 2% reduction in risk post legislation). 4 the observed decreased risk of preterm birth and lBW are biologically plausible, supported by a report which concluded there was suggestive/sufficient evidence of a causal relationship between environmental tobacco smoke and preterm delivery/lBW, respectively. 32 although our estimates for a reduction in risk of VlBW are larger than previously reported in observational studies, 3, 4 a beneficial effect is plausible, supported by a recent randomized controlled trial where the rates of VlBW were reduced in infants born to mothers with reduced environmental tobacco exposure. 33 We recommend future studies to include VlBW as an outcome, to add to the currently limited evidence base.
Our findings suggest some evidence of variability on estimated effects of the policy by deprivation quintile, however there was no consistent evidence of inequality. Other studies have shown a greater reduction of secondhand smoke exposure in children of more affluent backgrounds compared with children of less affluent backgrounds after introduction of the smoke-free legislation. 34, 35 there are limitations to our study. Birth registration is a legal requirement under the Births and Deaths registration act 1836, and the OnS birth statistics represent a legal record, making it the best and most complete data source. 36 However, OnS birth statistics do not include gestational age so we used HeS maternity data for this study. Our final HeS based dataset contained only 58% of eligible births recorded by OnS over the study period, potentially introducing bias into our analysis. However, the HeS dataset has similar maternal age distribution as OnS birth statistics, and a similar distribution of deprivation (unpublished observations). ethnicity is not included in OnS birth statistics, but a linkage study reported that the baby's ethnicity recorded in the nHS numbers for Babies (nn4B) record and the mother's ethnicity recorded in Maternity HeS showed agreement in three quarters of the records which had a stated ethnic category. 37 it is also reassuring that our findings are similar in magnitude and direction to previous studies assessing the impact of smoke-free legislation on birth outcomes, suggesting bias is unlikely to explain our findings. Our ability to assess the modifying effect of deprivation and ethnicity on the association between the legislation and birth outcomes was likely impacted by missing data; 8% and 11% of births were missing deprivation (postcodes were unable to be geocoded, preventing linkage to lower layer super output area iMD quintiles) and ethnicity data, respectively. there was no evidence for differential reporting of these characteristics, e.g., birth weight, gestational age, and maternal age did not differ between births with and without these covariate data. HeS data do not include data on maternal smoking status and on other known maternal (stress, weight) and environmental exposures (air pollution, nutrition), although this is a problem common to most studies evaluating the effect of smoke-free legislation on adverse birth outcomes. 11 However, with the use of regression discontinuity study design and appropriate time windows, we minimized the impact of potential unmeasured confounders. Despite including more than one and a half million singleton live-births, when stratifying by maternal age, deprivation, ethnicity, and government office region, effect estimates were more uncertain due to reduced statistical power. recent studies have emphasized that observational studies should, where possible, be carefully designed to approximate randomized experiments. regression discontinuity study designs can aid causal inference over traditional observational studies, can be used to establish causal effects where rcts cannot be ethically conducted, and can evaluate the real-world effectiveness of a policy or intervention.
the WHO Framework convention on tobacco control (Fctc) recommends that countries eliminate smoking from public places, 38 yet only 18% of the global population are covered by comprehensive smoke-free policies. We believe that this study, along with previous work, presents clear and crucial evidence estimating a reduction in adverse birth outcomes due to the implementation of smoke-free legislation. Perinatal conditions in low-and middle-income countries, including lBW and prematurity, account for 6% of global disability adjusted life years among children ages 0-4 years. 39 Millennium Development goal 4 sought to reduce the under-five mortality rate by two-thirds by 2015; smoke-free legislation may help to finally achieve this goal.
